Ab initio calculations with full geometry optimization are performed on a wide range of silicon atranes, RSi z-]3N, where R = H, F, OH, NH2, CH3, Cl, SH, PH2, SiH3, andY= 0, NH, NCH3, CH2. using the 6-31G(d) or larger basis sets. The results are used to show trends in the dative SiN bond as a function of axial R and equatorial Y substitution. The SiN bond is shown to be quite weak, making the atrane geometries very sensitive to medium effects, as shown by model solvation computations. The nature of the SiN bonding is best described as dative, as shown by localized orbitals.
Introduction
Pentacoordinated silicon compounds have attracted a great deal of interest in recent decades. One well studied class of such molecules are the silatranes, Y;=O, which contain an intramolecular SiN bond:
Since they were first prepared in 1961, 1 the silatranes (Y = 0) have been extensively investigated, as reported in several hundred papers from the research groups of Voronkov, Corriu, Lukevits, Hencsei, and others. Numerous review articles are available, 2 -7 including two compendia of the available structural data. 8 · 9 The silatrane structure consists of a distorted trigonal bipyrarnid at Si, with nearly equatorial atoms Y. The axial N is pyrarnidalized so that its lone pair points at Si. While most chemists have been interested in silatranes because of this geometry and its short SiN bond distance, silatranes are also of interest because of their wide range of biological acti'4ties, 10 · 11 which include stimulation of hair growth 10 and increased winter wheat yields. 12 Most silatrane X-ray structures have transannular SiN bond distances in the range 2.05-2.20 A. 8 · 9 Because this is considerably shorter than the sum of the van der Waals radii, 3.5 A, 0002-7863/95/1517-7480$09.00/0 silatranes are generally considered to possess a weak SiN bond, although this bond is certainly longer than the typical single SiN bond distance of 1.7-1.8 A. The general consensus is that more electronegative groups R yield shorter SiN bonds, although the shortest known bond occurs for R = Cl (2.02 A) instead of R = F (2.04 A). Obviously, the extent of the SiN bonding as a function of the group R is of great interest. Although the structures of over 70 silatranes are now known, 8 · 9 the atom in R that is directly connected to Si is limited to H, halogen, 13 C (aryl or alkyl), and 0. NMR shifts are found to correlate well with the transannular bond distance, 8 · 9 · 14 and one of the isotropic nitrogen shifts "appears to be a direct measure of the transannular interaction". 15 Ionization potentials of three silatranes 16 suggest a SiN bond strength in the range 13-22 kcallmol.
It is certainly true that this SiN interaction is weak, and in fact this is apparent in the two available gas phase structures, for R = CH3 17 and R = F. 18 Both of these silatranes possess gas phase structures whose SiN bond is 0.28 A longer than that in the solid state. At the least this indicates the SiN bond is very deformable and thus weak if crystal forces can produce such a large change in geometry, and at the extreme "the dative bond which exists in the solid state for methylsilatrane is not evident in the gas phase". bulkier groups such as Si(CH3)3 on the equatorial nitrogens. Very bulky groups are found to destroy the transannular SiN bond. 24 The available X-ray structures show SiN bond distances virtually identical to those in the analogous silatrane, but other data such as NMR "are consistent with the notion that a stronger SiN bond exists than in silatranes". 21 The range of R groups which have been explored for the azasilatranes is somewhat broader, consisting of H, alkyl, aryl, halogen, N(CH 3 )z, N 3 , -NCS, -SCN, and OCzHs.
By analogy with the name azasilatranes, we denote the compounds withY = CH 2 as carbasilatranes. 9 The first two members of this family, R = CH 3 and Cl, were reported in I985. 31 Bis-carbasiiatrane ether's X-ray structure 32 has a linear SiOSi angle with a long SiN distance, 2.477 A.. Some NMR experiments 33 on chlorocarbasilatrane imply SiN bond stretch isomerization, but this may be due to impurities as is the case for similar carbastannatranes. 34 In the I970s two atranes with one Y = CHz and the other two Y = 0 were reported.
Methylmonocarbasilatrane, R = CH3 35 has a shorter axial than equatorial SiC bond, 1.877 vs 1.898 A.! On the other hand, methoxymonocarbasilatrane, R = OCH 3 36 has the axial SiO longer than equatorial, 1.672 vs 1.656 A., as expected. Because of their asymmetry, the trigonal bipyrarnid in monocarbasilatranes is more distorted than usual. Perhaps most significantly, the SiN bond distance is longer than in the analogous silatrane: 2.336 vs 2.175 A. for R = CH 3 and 2.223 vs 2.11 15 A. for R =
OCH3.
The present paper extends the range of available silatrane geometries by ab initio geometry optimization. Silatranes (Y = 0), azasilatranes (Y = NH and Y = NCH3), and carbasilatranes (Y = CHz) are investigated. The range of substituents R considered isH, CH 3 , NH 2 , OH, F, SiH3, PH 2 , SH, and Cl and is considerably broader than the range of available experimental compounds. Trends in SiN bonding as a function of Y and R are presented, and the nature of this bond is discussed. This broad investigation at a reliable level of electronic structure theory was feasible only because of the development of parallel electronic structure codes and the availability of parallel computers.
Most previous theoretical work on silatranes has been limited to semiempirical methods due to the large size of the molecules. All prior work appears to be limited to the silatranes. The first calculations 37 used CND0/2 with spd basis sets, as the most (21) The first ab initio calculation 42 on fluorosilatrane appeared in I99I, using a 3-2IG* basis and geometries modeled after experimental solid and gas phase structures. A paper in the same year from our group 43 used ab initio wave functions at AMI optimized geometries for hydroxysilatrane and found that compression of the SiN bond from the ·computed to the experimental value required just 6 kcal/mol. Electron density analysis confirmed the presence of a Si-N bond, even at the long gas phase structure. Finally, a series of AMI and PM3 semiempirical results for fluoro-, 44 • methyl-, 44 b and chlorosilatrane44c appeared recently. These papers find two distinct minima, an endo silatrane and an exo structure, in which the SiN bond is absent. There is a slight energetic preference for the endo forms, but a very flat potential surface is obtained throughout the range of SiN distances considered, 2.00-3.40
A.. While this manuscript was being reviewed, the first published ab initio geometry optimization of fluorosilatrane appeared, 45 casting doubt on the semiempirical exo structures.
The consensus from all of these papers is that the SiN bond is present but weak, particularly in those papers which present a SiN potential curve. However, very little ab initio data are available, so the structures of 32 silatranes are presented here.
Although they do not involve silatranes, papers from our group on neutral 46 and ionic 47 five coordinate silicon species are related to the present work. Although NH 3 is found to complex to RSiY3, forming RSiY3NH3, the SiN bond is weak and the most stable complex results when the other axial group is very electronegative, e.g., R = F, or if it bonds less strongly to Si, e.g., R = Cl. Finally, the present paper on silatranes and related molecules parallels a companion paper4 8 on phosphatranes and azaphosphatranes. · 
Methods
The ab initio geometry optimizations perfonned here are quite time consuming, and in fact as noted above are made possible only because of the advent of parallel computers. All calculations were perfonned using the GAMESS electronic structure code, whose parallel SCF implementation has recently been described. 49 Preliminary AMI or PM3 semiempirical calculations were perfonned using a version of MOPAC6 50 which has been incorporated into the GAMESS code. A typical run for the silatranes described herein utilized 128 nodes, 16 MBytes of memory per node, and was run in direct mode since the machines used have very limited I/0 bandwidth. In most cases the semiempirical structure as well as Hessian matrix were used to begin an ab initio run, which then converged in about 25 geometry steps and about 400-800 min of machine time. A second important innovation which occured late in the project was the implementation of Pulay's group coordinates, 51 which particularly for the C 1 cases afford a great reduction in the number of steps required to find an optimal geometry.
The silatrane results are all obtained at the closed shell SCF (RHF) level, 5 2 and the majority of the calculations were made using the 6-31 G( d) basis set. 53 A larger basis set, which will be referred to as EXT in this paper, was used to probe the effect of the basis set on the structures. The EXT basis extends the 6-31G(d) basis by using two sets of d functions 54 a on Si and its five adjacent heavy atoms as well as a diffuse sp shell 54 b,c situated on the same atoms. A few MP2 calculations 55 were perfonned to investigate the possible effect of electron correlation on the potential surfaces. The solution phase structures are modeled by the SCRF method. 56 Bonding analysis is carried out by orbital localization using the Boys algorithm. 57
Structures are assumed to possess C3 symmetry, or c, if the R group has lower symmetry. In the case of hydroxysilatrane, chlorocarbasilatrane, and both isomers of CH3Si[N(CH3)CH2-CH2]3N, we have successfully tested this assumption by computation of the analytic hessian by a parallel algorithm. 58 In addition, it is known that the silatranes possess C3 or near-C3 symmetry in the X-ray structures.
Structural Results
Gas Phase Geometries. The most important structural parameter of any silicon atrane is the SiN distance. These RHF/ Table 1 , together with the available experimental data. A previous computation 45 has shown the c3 system fluorosilatrane to be a minimum on the potential energy surface. We have computed the hessian for the C 1 case hydroxysilatrane and find that it too is a minimum energy structure.
It is well-known 8 · 9 that for silatranes the SiN bond distance is much shorter in the solid state than in the gas phase. However, the calculated structures in Table 1 , which should reproduce gas phase experiments, have much longer SiN bond distances than the two available gas phase structures, for R = possible to find a minimum energy structure for other azasilatrane isomers near this value, as will be discussed below. This shoulder is not an artifact of the RHF method, as the same feature is evident in the MP2 potential (computed at the RHF geometries), as shown in Figure 1c . Error Sources. Figure 1 also suggests the reason for the discrepancy between the computed and observed gas phase structures. Small errors due to basis sets or to the neglect of electron correlation could produce an apparently large change of geometry, at very little energy cost. We test these two possibilities separately.
We have examined the effect of the basis set by carrying out RHF/EXT geometry optimizations on the same three molecules shown in Figure 1 . Both the change in the length of the SiN bond and the amount of energy lowering caused by reoptimi- Since the EXT basis set's diffuse functions and double d's had such a large effect on the silatrane geometry, we wondered about the possible effect of additional basis improvements. Adding a set of f functions (using literature exponents 5 4c) to silicon and all adjacent atoms to produce an EXT+f basis once again caused an apparently large change in geometry. For fluorosilatrane, the transannular distance increases by 0.08 to 2.49 A, canceling most of the shortening obtained by expansion to the EXT basis. Once again, the energy influence is small, as reoptimization with the f s lowers the energy by only 0.17 kcal/mol. It is clear that the EXT+f results presented here are unlikely to be converged with respect to the basis set.
Of course, it is also possible that a correlated calculation such as MP2 is needed to remove the remaining error. The MP2 curve presented in Figure 1c suggests such a possibility, as single point MP2 energies along the SCF potential curves have their minima apparently shifted inwards. For R = F, the decrease in SiN bond distance at the MP2 level for Y = 0, NH, and CH 2 is 0.24, 0.06, and 0.15 A, respectively. These numerical results should be viewed with some caution, as they do not include full geometry optimization at the MP2 level, and they are obtained with the 6-31G(d) basis. Nonetheless, they indicate that the Y = 0 atranes, which have the softest stretching potentials, also have the largest change in geometry beyond the SCF level.
Based on the discussion in the preceding three paragraphs, and the two available Y = 0 gas phase structures, it seems likely that the RHF/6-31G(d) structures reported in Table 1 contain a systematic error in r Solution Geometries. Even after taking account of these error estimates in the computed gas phase structures, there still remain large discrepancies between the computed and X-ray values in Table 1 . These must be due to the change of medium from the (computed) gaseous state to the solid. While we cannot perform any computation which would mimic the solid state, recall that silatranes are thought to have intermediate SiN bond lengths in solution. 19 It is possible to qualitatively investigate the effect of solvation upon the molecular geometry using the Onsager reaction field cavity model. 56 The geometries were reoptimized using this simplistic solution model for R = F and Y = CH 2 , NH, or 0, using the EXT basis set. Each molecule was placed in a cavity of radius a 0 = 3.67 A, derived from the The striking results of reoptimization in DMSO "solution"
are included in Table 2 . are essentially equal and in fact approach the solid state X-ray distances given in Table 1 . A physical interpretation of the large change in geometry hinges on two factors, namely the softness of the SiN bond already noted in Figure 1 and the large dipole moments of these compounds (Table 2) . To understand the role played by the latter it is necessary to digress into the specifics of the Onsager modeJ.56 This model represents the interaction energy of a neutral solute in a spherical cavity embedded in a continuum dielectric by permitting the dipole of the solute to induce a dipole within the dielectric. The induced dipole in tum influences the dipole of the solute, so these dipoles are iterated to selfconsistency. The energy of the interaction ("solvation energy") is where the induced dipole R depends on the dielectic of the solvent (E), the radius of the cavity containing the solute (ao), and the solute dipole (ft):
For a given cavity size and dielectric constant, as in the present calculations, the interaction energy will be larger for solutes with larger dipoles. Thus, the energy lowering due to solvation at the gas phase geometry as well as the energy lowering produced by geometry reoptimization in the solvent field increases in the order Y = CH 2 < NH < 0. As was already noted in the pioneering semiempirical study of solution effects on silatrane geometry, 40 the dipole moment increases when the SiN bond decreases under the influence of solvent. Increasing the solute dipole increases the solvent interaction, in tum providing additional driving force to further decrease the SiN bond. However, the large dipoles reported in Table 2 are able to generate the large changes in the SiN distance only because this bond is easily compressed at little energy cost. Azasilatrane Isomerization. The substituent on an equatorial N has an interesting affect on the molecular geometry, which is not possible with either Y = 0 or Y = CH2. The equatorial nitrogens have both a functional group and a lone pair, and interchanging these two yields distinct isomers. The possible positions occupied by the functional group X are "axial" such that the NX bond is approximately parallel to SiR or "equatorial" with the X group lying approximately in the plane of the three nitrogens. Figure 2 illustrates what we mean by an "axial" or "equatorial" X group. The data shown in Table 1 in all cases correspond to the axial isomer.
We have explored the affect of instead placing the X groups equatorial for R = H and CH3, with Y = NH and Y = NCH3.
The results are shown in Table 3 . With small groups R = H andY = NH, it is impossible to locate an equatorial isomer, as all trial structures revert to the axial geometry after optimization. However, for the other three cases both C 3 local minima are found to exist. For the case R = X = CH 3 , we have verified that both isomers are indeed relative minima on the potential surface by computation of the Hessian matrices, which have all real frequencies. Placing the X group in the equatorial orientation has a large effect on the transannular bond distances, which increase 0.36-0.59 A. There is a smaller change in r(SiNeq) in the opposite direction. When the smaller group H is present at either R or X, the equatorial isomer is energetically slightly less stable. However, when the slightly bulkier methyl group is used for both R and X, the equatorial isomer is more stable by a small amount, 2 kcal/mol. These equatorial isomers all occur near r(SiN) = 2.8, where Figure lb exhibits a shoulder for the case R = F, Y = NH. We regard the possible steric Figure 2 . The equatorial isomer is clearly less sterically hindered around Si. A more subtle change in the geometry is an increased ring pucker at the methylene atom adjacent to the equatorial nitrogen, opposite to the direction of this nitrogen's substituent. This same puckering, like the flap of an envelope ring conformation, is also evident in the published ORTEP structure 24 and must be the cause of sufficient ring strain to open the weak SiN transannular bond. Note that the base nitrogen in the equatorial isomer in Figure 2 is nearly flat, but its small degree of pyramidalization is still directed toward Si, as is true experimentally.24
It is interesting to note from Table 1 that replacing Y = NH by Y = NCH3 produces a decrease in the SiN bond length.
The decrease is about 0.08 A but is somewhat larger for R = H. Unfortunately there is no experimental light to be shed on this methyl affect, since the available X-ray structures do not include the same R for both Y = NH and Y = NCH 3 .
Localized Orbitals and Bonding
Before discussing the extent of SiN bonding in the silicon atranes, it is appropriate to review prior thinking about this bond. Not surprisingly, the first bonding model 2 for atranes in the 1960s invoked the then popular s[Yd model for trigonal bipyramidal geometries. The three center, four electron bonding model of Musher60 caused a re-valuation of this bond in those terms by 1977. 61 Recently, five coordinate silicon compounds with SiN bonds similar to the atranes have been described as being primarily dative in character. 62 Thus, the bonding models have progressed steadily toward weaker descriptions.
The Boys localized orbitals 57 of the three R = F silicon atranes are shown in Figure 3 . For comparison, the normal covalent SiN and SiF bonds in silanes are shown, along with the hypervalent axial bond in SiFs-. The normal valent and hypervalent SiF bonds have essentially identical contour plots, and so it is not possible to characterize the SiF bonds in the atranes as one or the other. However, the SiN bonds in the atranes have a very different shape than the normal covalent SiN bond in H2N-Si(OH)3. It is clear that the atrane SiN "bonds" are best described as nitrogen lone pairs, interacting only slightly with the silicon atoms.
The localized orbitals clearly support the dative bonding model of Haaland. 62 Additional features of this model include the prediction of large changes in bond distance with inductive effects at the acceptor atom, weak donor-acceptor bond strengths, and a preference for the donor to occupy axial postions. All of these are certainly true of the silicon atranes.
It should be pointed out that the three center, four electron (3c4e) model and the dative bonding model represent limiting extremes of the same basic MO diagram:
\+:
SiR' :
On the left, the primary interaction is the formation of a bond and antibond between SiR, with the nitrogen lone pair remaining essentially unaffected during molecular formation. The only SiN binding is provided by a small dative interaction. On the right, all three orbitals contribute to the formation of the 3c4e bonding (b), nonbonding (nb), and antibonding (ab) levels. Note that instead of the usual donation of two electrons by the center atom, in this case the electron pair comes from the nitrogen ligand. Since the two diagrams differ only in the degree of interaction, they can be distinguished only by detailed quantum mechanical computation of the LCAO molecular orbital coefficients.
As was already shown by the contour plots in Figure 3 , the SiN bond is well described using the dative MO diagram on the left. This diagram predicts an ordinary covalent SiR bond, whereas the 3c4e diagram on the right would predict an elongated SiR bond.
The computed SiR bond distances are shown in Table 4 , which also includes the covalent SiR bond distances in the analogous silanes. The covalent bond distances increase by 0.02-0.04 A from RSi(OH)3 to RSi(CH3)3. Three of the atranes (Y = 0, R = H, F, Cl) possess shorter SiR bonds than in the corresponding silanes. Note however from Table 2 In order to achieve good 3c4e bonding, electronegative axial groups and an electropositive central atom are needed. 60 Thus, we observe from Table 1 a steady shortening of the SiN bond from R = CH3 to R = F and again from R = SiH3 to R = Cl.
From the 3c4e MO diagram shown above, we note that there will be better orbital mixing when the energy of the R orbital is closer to that of the nitrogen lone pair. Thus, for third period R compared to the analogous second period R, Table 1 shows r(SiN) is consistently smaller, while Table 4 shows r(SiR) is consistently more elongated. Both trends indicate a larger extent of three center bonding with third period substituents. In fact, R = Cl produces the shortest SiN bonds. An earlier study of neutral five coordinate silicon compounds by our group 46 also found that Cl is an ideal axial partner for ammonia. In the current work, the computed gas phase structure with the shortest SiN bond is that with R = Cl, Y = NCH3. It is quite possible that the solid state structure of this azasilatrane will be found to have a SiN bond distance shorter than 2 A, making it the shortest known.
Summary
The geometry of the silicon atranes has been found to vary considerably as a function of a wide range of substituents R Schmidt et at.
but is actually affected more by the choice of the equatorial group Y. Azasilatranes possess the shortest SiN distances, followed by silatranes, and then carbasilatranes. The SiN bond is a weak one, requiring no more than 8 kcal/mol to stretch it over a 1 A range. This flexibility, coupled with the large dipole moments of the atranes, causes large changes in their geometry upon change of state from gas to condensed media, as demonstrated by approximate solvent calculations. Bond-stretch isomerization is predicted to occur in the azasilatranes, depending on the bulk of the ligands at silicon and the equatorial nitrogens. Chlorine atoms are the most effective axial partner for the basal nitrogen, and the azasilatrane R = Cl, Y = NCH3 is predicted to have a shorter SiN bond distance than for any currently measured silicon atrane. Bonding in the silicon atranes is best described as a dative N _.., Si bond but with sufficient three center interaction to produce a slight elongation of the SiR bond.
